Background: Gonococci (GC) and meningococci (MC) are gram-negative bacterial pathogens that infect human
INTRODUCTION
The genus Neisseria comprises several gram-negative diplococci that colonize human mucosal tissues (1, 2) . In most cases the relationship between host and bacterium is commensal but some species can pose serious health risks. Neisseria gonorrhoeae (GC) commonly colonize the mucosa and submucosal stroma of the conjunctiva, throat, urogenital tract, and rectum. Infection at the latter sites may be a mechanical cofactor facilitating the transmission of human immunodeficiency virus (3, 4) . Neisseria meningi-secretory (nonciliated) epithelial cells, probably using pili. (ii) Bacteria intimately contact the host cell surface (close association). (iii) The region of contact enlarges until diplococci are surrounded by host plasma membrane. A fusion event is presumed to seal off the nascent vesicle. The engulfment process closely resembles classical "zippering" phagocytosis (7) . In tissue culture cells, bacterial entry is blocked by both microfilament-disrupting drugs and inhibitors of bacterial protein synthesis, implicating both host and parasite as active participants (8, 9) . (iv) GC survive and multiply inside epithelial cells. (v) GC are observed to traverse the length of the infected cell, and by 1-2 days after infection GC or MC is observed in the stromal matrix (5, 6) .
The available infection models have advantages and limitations. Human volunteer studies have provided data implicating pili and opacity (Opa) proteins in colonization (10) . But volunteer studies and organ culture are expensive and limited by the availability of volunteers or tissue specimens, so they cannot be used to compare many different bacterial strains. Cultured human cells grown on plastic have been used to dissect the function of a number of GC and MC surface components (11) (12) (13) (14) (15) (16) . However, cells grown on plastic do not replicate the polarized architecture of epithelial and endothelial cells in situ and are therefore less useful for studying events after the early colonization steps. Moreover, none of the above models permits the isolation of viable bacteria from subepithelial spaces, and none of the in vitro systems facilitates studies of the mucosal inflammatory response, a hallmark of GC infection (1) .
Many of these limitations can be overcome by culturing epithelial cells on permeable membrane supports which permit cells to feed from their basolateral surface and to polarize as in native tissue (17, 18) . Both "serosal" and "mucosal" surfaces are experimentally accessible, permitting studies of transcytosis and protein trafficking (19, 20) , barrier physiology (21, 22) , bacterial infection (23, 24) , and leukocyte diapedesis (25, 26) . A recent report (27) describes a system that incorporates both an epithelial (HEC-1-B) and an endothelial layer (HMEC-1) to study early MC pathogenesis.
We adapted the polarized T84 colonic epithelial cell model to study Neisseria-mucosa interactions. GC and MC traversed T84 monolayers in distinct time courses identical to those observed in organ culture studies. In contrast to other studies with MC and with pathogenic Escherichia coli and Salmonella (23, 24, (27) (28) (29) To quantitate MC flux across monolayers the above protocol was followed, but at 12 hr postinfection and at 1-or 2-hr intervals thereafter the basal medium was changed to DMEM-F12 with 5 % FBS. The newly removed basal medium was diluted and plated to enumerate CFUs. At the end of the assay (24 hr postinfection) each filter was assayed for transepithelial resistance to verify that barrier function was intact (.500 fl cm2). The time of traversal varied slightly with the batch of fetal bovine serum used, so each set of experiments shown was performed using a single lot of serum.
Permeability Assay Monolayer permeability to [3H]mannitol was determined as described (34) . Briefly, basal medium was removed and plated for CFU, filters were placed into new 24-well plates containing fresh basal medium, and the apical medium was replaced with 100 ,ul of DMEM-F12 containing -104 cpm of [3H]mannitol (New England Nuclear, Boston, MA, U.S.A.). Filters were incubated for 60 min. At the end of this interval medium was removed from both chambers and counted with a liquid scintillation detector. Data are expressed as described ' (34 Results indicate that Neisseria strains traversed T84 monolayers with different kinetics (Fig. 1A) . Most MC-infected filters yielded CFUs in the basal medium at 12-24 hr postinfection, although several filters yielded MC in the basal medium by 12 hr postinfection. In contrast, most GC-infected filters yielded CFU in the basal compartment significantly later, at 36-48 hr postinfection (p < 0.00 1; log likelihood ratios test). The traversal times observed for MC and GC in these assays are strikingly similar to times reported for FTOC and NPOC experiments: >18 hr for MC and -40 hr for GC (37, 38) .
At the times assayed, Neisseria perflava was only rarely detected in the basal chamber (Fig. IA) . E. coli HB 101 traversed T84 monolayers and reached the basal compartment within 12 hr, however this was accompanied by a nearly complete loss of epithelial barrier function (data not shown), consistent with experiments using MDCK cells (23) .
Assays to determine the number of bacteria traversing the monolayers were also performed. Monolayers were infected with MC for a defined period (12 hr for MC; 30 hr for GC) then moved into fresh basal medium lacking serum and transferrin. The basal medium from the previous interval was plated for CFUs at 1-or 2-hour intervals. In medium without supplements, GC and MC grow slowly (data not shown). Thus, our estimates of basal well CFUs should closely approximate the actual number of bacteria exiting the monolayer.
Results from an experiment with MC 8013.6 are shown (Fig. iB) . By 20 (Fig. 2) show that the MC 8013.6-infected monolayers had somewhat increased permeability compared with uninfected monolayers, although they were still several-fold less permeable than the EDTA-treated controls. Similar results (Fig. 2) where permeability had increased, no bacterial transit was detected. We conclude that as GC and MC traverse the T84 monolayer, a functional epithelial barrier is maintained.
Cytoarchitecture of Infected Monolayers
To characterize further the effects of bacterial traversal on epithelial integrity, the arrangement of actin filaments in infected T84 monolayers was examined. Polarized monolayers were infected with MC 8013.6 for 40 hr, fixed, and stained. Confocal optical sections at and just beneath the apical surface revealed that both uninfected and infected cells were circumscribed by the apicolateral actin band associated with adherens and occludens junctional complexes (39) . In the filters shown (Fig. 3) , bacteria had traversed the monolayers at the time of fixation. Similar results were obtained for GC MS 11 A-infected monolayers (data not shown). These results provide further evidence for the maintenance of cell polarity and barrier function during and after bacterial traversal. In contrast, the apicolateral actin band in Salmonella-infected MDCK II cells was disrupted by 1 hr postinfection (29) . Role of Pili in GC Interactions with T84 Cells As GC type IV pili are thought to be essential for virulence in human volunteers (40, 41) , we compared interactions of piliated GC MS IA with its isogenic nonpiliated derivative MS11-306 using T84 cells. In infections of T84 cells plated on plastic (Fig. 4A) , pili increased GC adherence by -20-fold. At 5, 7.5, and 10 hr postinfection 50-70% of MS llA were cell-associated (CA) compared with only 2-4% of MS11-306. Surprisingly, pili also promoted GC invasion of T84 cells. At each time point 1-2 logs more gentamicinresistant (GR) MS lA were recovered than MS11-306 (mean difference, 42.4-fold; p < 0.0001, t test) (Fig. 4A ). This result cannot be explained solely by differences in adherence. If the invasion data are expressed as an index adjusted to compensate for adhesion (GR/CA), MS 11 A invaded T84 cells much more efficiently than MS11-306 (mean difference, 10.1-fold; p = 0.0011, t test) (Fig. 4B) . Piliation has been observed to promote MC and GC adhesion to cultured cells (Fig. 3A) (14, 15, 42, 43) . This is the first report in which pili are shown to enhance GC invasion of cultured cells.
GC MS11A and MS11-306 were next compared for their ability to traverse polarized T84 monolayers (Fig. 4C) . In these assays piliated MS1 lA appeared in the basal compartment about 12 hr earlier than MSL1-306 (p < 0.001; Mann-Whitney two-tailed U test). We emphasize that nonpiliated GC were at least as numerous in the apical chamber as piliated GC yet they crossed the monolayers later ( Fig. 4C; (Fig. 3) . The small reductions in barrier function that were observed could be due to modulation of paracellular pathways, intracellular pathways, or both (22 Arvidson, unpublished). The effect of piliation on GC invasion efficiency therefore depends strongly on the cells used, and ranges from a 1-2 log inhibition (Chang) to little or no effect (A43 1) to a 1 log enhancement (T84). We suggest that host cell-specific differences in the effects of type IV pili on GC invasion reflect a previously unrecognized aspect of the in vivo GC-host interaction. This possibility is being investigated.
Several approaches have been used to study Neisseria-host interactions in vitro. Cell culture has been used to identify numerous bacterial components as adherence and invasion factors. Such systems, although allowing screening of large numbers of samples, are unsuited for studies that require cells with polar morphology. FTOC and NPOC studies established key events in GC and MC infections of mucosal epithelia. These ex vivo systems, composed of native tissue segments, made possible certain studies of neisserial infection such as ciliotoxicity, times of trafficking, and cytokine release. However, such systems require technical specialization and are limited by the increasing scarcity of appropriate tissue. The T84 system overcomes many of these difficulties. It will be interesting to use this model to dissect the cell biology of neisserial passage across epithelial barriers and to elucidate further the reciprocal roles of host and parasite in this important pathogenic process.
